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0003-3472/$38.00  2009 The Association for the Stu
doi:10.1016/j.anbehav.2009.09.029Several species of seabirds show cyclic patterns of attendance at their nesting colonies. We examined the
patterns of variation in the numbers of Cory’s shearwater at three colonies (two oceanic and one located
on the continental shelf), including the world’s largest, at Selvagem Grande, Madeira, Portugal and
considered several hypotheses concerning their causal mechanisms. At Selvagem Grande, cycles were
exceptionally marked and regular, with a periodicity ranging from 7.8 to 11 days, and involved both
breeders and nonbreeders. In contrast, variation in numbers was aperiodic at a nearby and much smaller
colony (Selvagem Pequena), and also at the colony located off the Portuguese coast (Berlenga Island). We
found no relationships between number of birds ashore and environmental variables such as wind
direction and speed or lunar cycle. Cycles did not seem to be driven by oscillations in food availability or
accessibility, given that they did not correlate with daily chick growth rates (which were acyclic) or diet.
Despite their regularity, cycles were slightly out of phase in different sectors of Selvagem Grande, which
suggests that social interactions at the colony could act as an entrainment agent for an endogenous
rhythm, and so cycles are probably more likely to occur in large and dense colonies. Observations are
consistent with the hypothesis that cycles facilitate social interactions by maximizing the probability of
encounters at the colony. However, the exact mechanisms through which these remarkable cycles are
controlled are still completely unknown, and clearly further research is needed.
 2009 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.Many species of seabirds gather in large and dense colonies to
breed. Throughout the nesting season, the numbers of birds visiting
the colonies typically varywidely, but in some species there are very
clear cyclic patterns of attendance. These are particularly conspic-
uous in some well-studied alcids, such as the pufﬁn, Fratercula arc-
tica, and the guillemot,Uria aalge (e.g.Harris 1984;Wilhelm&Storey
2002 and references therein), but have also been recorded in several
petrel species (Bretagnolle 1988, 1990; Hatch 1989; Mougin et al.gia Ambiental, Museu Nacio-
a Escola Polite´cnica 58, 1269-
iro).
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dy of Animal Behaviour. Publishe2000). During such cycles, the numbers of birds ashore can vary
several-foldduring the courseof a fewdays andhence suchvariation
is very obvious even for the casual observer. Surprisingly, the
signiﬁcance of, and regulatory mechanisms underlying, attendance
cycles in seabirds are virtually unknown (Harris 1984; Weidinger
1996). Indeed, the patterns of cyclic attendance have been described
quantitatively for only a few species and not much is known about
basic aspects such as intra- and interspeciﬁc variation, or periodicity
and amplitude of cycles. In addition to being an obvious gap in our
fundamental knowledge of seabird behaviour, this issue has prac-
tical relevance, for example for the design of monitoring pro-
grammes based on counts of birds seen ashore (e.g. Piatt et al. 1990;
Hatch 2002; Harding et al. 2005). Below, we detail a set of nonex-
clusive hypotheses that may explain this behaviour and some of the
potential underlying synchronization mechanisms.
Cyclic patterns of colony attendance may represent a direct
response to prevailing weather conditions, particularly wind
direction and/or intensity (hereafter referred to as the ‘weather
hypothesis’). Oscillations in wind direction may favour travel to ord by Elsevier Ltd. All rights reserved.
J.P. Granadeiro et al. / Animal Behaviour 78 (2009) 1455–14621456from distant feeding grounds. Weidinger (1996) found that the
attendance of Cape petrel, Daption capense, during the breeding
period was lower during periods of stronger southeast winds,
possibly facilitating access to their preferred foraging grounds. Also,
variation in wind strength may constrain the movements of birds
that rely to a large extent on dynamic soaring to travel (Furness &
Bryant 1996). Furthermore, many petrels are known to adjust their
movement patterns and strategies as a function of wind conditions
encountered at both small and large scales (e.g. Weimerskirch et al.
2000; Felicı´simo et al. 2008).
An alternative hypothesis is that the number of birds ashore
may be linked with regular variation in food availability, possibly
driven by a cyclic oceanographic phenomenon (the ‘oceanography/
food availability hypothesis’). When food is abundant close to the
colony, birds may come ashore more often, whereas when
resources become scarcer they might be forced to forage further
aﬁeld, and will be less likely to be seen at the colony. Alternatively,
during short periods of food scarcity, birds may simply postpone
foraging until weather conditions improve (e.g. Piatt et al. 1990).
Mougin et al. (2000) suggested that cyclic attendance patterns
could represent a mechanism through which birds increase the
likelihood of meeting relevant social contacts at the colony, such as
partners and competitors for nesting sites, which we refer to as the
‘social encounters hypothesis’. Regular attendance cycles were more
apparent in species or populations of petrels with longer periods
between return frommigration and egg laying. This situation reﬂects
the relativeprobabilityof individualswithinapairmeeting at thenest
site purely by chance. This supports the ‘social encounters hypoth-
esis’, becausewhile birdswith a short prelayingperiodhave veryhigh
overall levelsofattendanceovera short time interval (andhencemeet
frequently at the colony), birds with a long preincubation period
cannot live exclusivelyonaccumulatedbody reserves andhenceneed
to absent themselves on often long foraging trips. This hypothesis
mightexplain the functionof the cyclic behaviour, but tells usnothing
about the mechanisms by which synchronization is achieved.
Synchronized attendance at the colony for social purposes
needs to be driven by external or internal cues, or by a combination
of both. In relation to synchronization mechanisms, one possibility
is that attendance cycles result from an internal rhythm, the
‘endogenous rhythm hypothesis’. This hypothesis predicts that
cycles should be regular and with a similar periodicity in different
years, assuming the stimulus is an internal pacemaker of some
description. Entrainment could also be provided by the intensity of
the social interactions at the colony: ‘the social stimulus hypoth-
esis’. If social interactions were the synchronizing agent, the
prediction can be made that disjunct colonies or subcolonies would
show imperfect synchronization or no synchronization at all.
Finally, the possibility has to be considered that attendance
patterns might simply be artefacts of the behaviour and/or
detectability of birds at the colony (e.g. later time of arrival, less
conspicuous behaviour) rather than to their actual presence (the
‘visibility hypothesis’).
The Cory’s shearwater is a medium-sized petrel which is strictly
nocturnal at most of its breeding locations. However, at Selvagem
Grande, a remote subtropical island ca. 300 km south of Madeira,
Portugal, birds start to come ashore well ahead of the sunset. This is
the world’s largest colony of this species with ca. 30 000 breeding
pairs (Granadeiro et al. 2006) and it is also noteworthy in that birds
at this site exhibit a very regular and pronounced cyclic pattern of
attendance. The duration of cycles on Selvagem Grande has been
estimated previously (Jouanin et al. 1989; Mougin et al. 2000) and
shows a remarkable interannual consistency. However, a signiﬁcant
part of the data published consists of relatively short time series of
ranked abundance values rather than true counts, and were
obtained mainly during incubation (June–July). Furthermore, thereare no comparative data from other colonies of this species and no
exploration of the possible role of environmental drivers.
We addressed the hypotheses outlined above using data
collected over an extended period at Selvagem Grande, which is
located in a low-productivity pelagic environment, and compared
these time series with data collected concurrently on a nearby
island, Selvagem Pequena, and with Berlenga, a colony located on
the continental shelf of the mainland Portuguese coast. We
examined several predictions deriving from each of the hypotheses,
as a means to try to explain cyclic attendance behaviour in Cory’s
shearwater in this region and potentially in other species.
METHODS
Study Area and Bird Counts
Fieldwork was carried out in the Selvagens archipelago (30 070
N, 15 560 W), and at Berlenga Island (39 240 N, 9 300 W), a small
island ca. 10 km off the coast of mainland Portugal (Fig. 1). At ca.
260 ha in size, Selvagem Grande is the largest of the three islands
that constitute the Selvagens archipelago. This island alone sustains
a population of Cory’s shearwaters estimated at ca. 30 000 breeding
pairs (Granadeiro et al. 2006). In contrast, Selvagem Pequena,
located ca. 20 km southwest of SelvagemGrandewith a total area of
ca. 20 ha, holds only an estimated 200 pairs (Equipa Atlas 2008).
The population on Berlenga is estimated at a few hundred breeding
pairs (Equipa Atlas 2008).
To quantify the number of birds visiting the colony, we set up
a three-stage transect in 2006, which ran from the plateau of Selva-
gem Grande down to the ﬁeld station, at sea level, with a total length
of ca. 500 m.The legs of the transect roughlycorresponded to obvious
changes in the direction of the path as a result of a change in the type
of habitat. The ﬁrst leg was at the plateau (ca.100 m above sea level),
alongacolonywithnests inastonewall, andhada lengthof ca.100 m;
the second followed the cliff edge (length ca. 170 m) and the third
included thedescent to theﬁeldstation (lengthca. 250 m).Duringour
trips to the island (in different periods between 2006 and2008; dates
are given inTable 1 and Fig. 3 in the Results), this transectwaswalked
daily exactly 15 min before the time of sunset (obtained from
Observato´rio Astrono´mico de Lisboa, http://www.oal.ul.pt/) and all
birdson thegroundwithina25 mbandwerecounted. Birds thatwere
inside their burrows (resting, incubating or feeding the chicks) were
not included. Overall, it took about 20 min towalk thewhole transect.
A similar procedure was adopted in Selvagem Pequena in 2007 and
2008 (dates are given in Table 1) with a transect ca. 100 m long
(bandwidth of 12.5 m for each side, owing to differences in the areas
used by birds on land). Cory’s shearwaters are strictly nocturnal on
this islandandhence the counts started1.5 hafter sunseteveryday. In
2006, counts were also carried out on Berlenga Island, 1.5 h after
sunset, along a transect through one of the main subcolonies
(ca. 150m, variable bandwidth, according to terrain characteristics).
AtbothSelvagemPequenaandBerlengaa low-power light sourcewas
used to count birds on the ground. Cory’s shearwater are generally
tame birds and remained undisturbed to relatively quiet and slow
movements in their vicinityand sowalking the transectshadvirtually
no inﬂuence on their behaviour or in the colony.
All ringing and manipulations of adult birds and chicks were
carried out under licences from the Institute of Nature Conserva-
tion, Lisbon, and from the Service of Madeira Natural Parque,
Funchal.
Wind and Lunar Phase Data
To test for an association between the number of shearwaters
ashore on Selvagem Grande and Selvagem Pequena and wind
18ºW
40
ºN
0 200 km
Selvagens
archipelago
Berlenga
Figure 1. Location of the study colonies. The squares represent the areas where data were obtained from wind models. Data from the four squares around Selvagem Grande were
averaged to calculate ‘local winds’, and the remaining squares were used to calculate wind on the ‘African coast’ (see Methods for details).
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south) components of wind vectors (at 10 m) of surface ﬂux data
derived from NCEP/NCAR Reanalysis 1 (http://www.cdc.noaa.gov/
cdc/data.ncep.reanalysis.surfaceﬂux.html). The values represent
modelled wind parameters for a square area of approximately
200  200 km. We calculated the daily wind parameters for all our
counting periods as the average of four such quadrats around the
Selvagens archipelago (‘local wind’) and also as the four quadrats
closest to the African coast, from ca. 26 300 N to 34 300 N (‘African
wind’, see Fig. 1). The ‘local’ area roughly encompasses the
distances travelled by foraging shearwaters making short trips
(Magalha˜es et al. 2008), whereas the ‘African coast’ areas include
the regions used during incubation at Selvagem Grande or on longTable 1
Periods of attendance cycles of Cory’s shearwater at SelvagemGrande and SelvagemPeque
the islands (‘local wind’) and on the African coast
Site (year) Dates (no. of days) Phase
Selvagem Grande (2006) 19 Jun–11 Aug (54) Incubation and chick rearing
Selvagem Grande (2007) 2 Apr–18 May (47) Prelaying period
22 Jun-22 Aug (62) Incubation and chick rearing
Selvagem Pequena (2007) 10 Jun–1 Jul (22) Incubation
25 Jul–11 Sept (49) Chick rearing
Selvagem Grande (2008) 10 Jun–1 Jul (22) Incubation
27 Jul–3 Sept (39) Chick rearing
Selvagem Pequena (2008) 10 Jun–2 Sept (85) Incubation and chick rearing
Signiﬁcant correlations (P < 0.05) are marked in bold; NS: no signiﬁcant period detectedforaging trips (e.g. Mougin & Jouanin 1997; V. Paiva, personal
communication; our unpublished data). We also analysed wind
data for these two areas for the periods 1 April–15 May (prelaying)
and 10 June–1 September (incubation and chick rearing) each year
from 1998 to 2008, searching for patterns indicating any type of
long-term average periodicity in wind components.
Dates of new and full moons for our study periods were
obtained from Observato´rio Astrono´mico de Lisboa (http://www.
oal.ul.pt/), and an index of the moon phase on each day was
derived from a sine-wave model with a period of 29.53 days
(1 representing full moon and 1 representing new moon). This
approximationwas very precise, given the relatively short duration
of the periods of interest.na between 2006 and 2008, and Pearson correlations withwind components around
Period (days) Correlation with local wind
components
Correlation with wind
components on African coast
North West Intensity North West Intensity
9.0 0.07 0.03 0.17 0.04 0.03 0.20
7.8 0.13 L0.29 0.04 0.18 L0.31 0.12
10.0 0.44 0.54 0.08 0.33 0.34 0.17
NS 0.06 0.10 0.02 0.01 0.05 0.15
NS 0.32 0.22 0.07 0.19 0.24 0.15
11.0 0.24 0.11 0.24 0.41 0.04 0.15
9.75 0.09 0.03 0.02 0.12 0.02 0.27
14.2, 28.3 0.07 0.03 0.12 0.21 0.02 0.01
(see Methods).
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Figure 2. Number of birds counted in transects carried out on Selvagem Grande during the incubation and chick-rearing periods (2006–2008), Selvagem Pequena (2007–2008) and
Berlenga (2006). Black and white circles represent new and full moon, respectively.
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To examine the participation of individual breeding birds in the
cycles, we deployed combined Global Location Sensing-immersion
loggers (MK7 Geolocators, supplied by the British Antarctic Survey,
Cambridge, U.K.; Afanasyev 2004) on 11 males and 13 females
known to have bred in the previous seasons on SelvagemGrande. In
addition to recording ambient light levels, these archival tags also
check for saltwater immersion every 3 s, and record every change
of state from ‘wet’ (indicating sitting on the sea surface) to ‘dry’
(indicating ﬂying or on land) that lasts more than 6 s. Birds were
caught by hand usually inside their burrows or in their vicinity.
Loggers were ﬁxed to normal-sized metal rings with a cable tie on
1–2 April 2007, and retrieved from 13 May onwards, providing
activity (immersion) information for the period 2 April–12 May
(two loggers failed to record data on 2 days). The loggers weigh ca.
3.5 g (less than 0.5% of the birds’ weight) and apparently had no
detrimental effects on the behaviour or performance of birds. The
sex of tagged birds was determined by their distinctive calls or
using a discriminant function based on bill measurements
(Granadeiro 1993). Both mates take shifts during incubation and,
with the exception of one male and one female, all tagged birds
were later found incubating an egg.
Daily immersion proﬁles of tagged birds based on the duration
of dry and wet periods recorded during the night allowed us to
determine whether these birds visited the colony or remained at
sea. In the vast majority of cases, examination of these immersion
proﬁles enabled an unequivocal identiﬁcation of periods ashore
(e.g. very long dry periods, starting in late afternoon and lasting
almost until dawn). In the few instances where results were more
equivocal, birds showing an uninterrupted dry period longer than5 h during the night were considered to have come to the colony
during the prelaying period; otherwise, they were considered to
have remained at sea. In practice, even if this rule was conservative,
any associated uncertainty would not inﬂuence any of the conclu-
sions presented in this paper, because similar results were obtained
regardless of whether the few doubtful records were all considered
to represent attendance at the colony, or not.
Chick Growth Parameters and Adult Diet
To test for periodicity in provisioning patterns, a group of 60
chicks from Selvagem Grande were weighed daily with a spring
balance (to the nearest 2 g or 5 g) during the morning, between 11
August and 3 September 2008. For each day, we calculated the
mean relative growth rate ð½Masstþ1 Masst =Masst ; Þ, the daily
mass gain (mean of positive mass variation, a proxy for the size of
meals, in g), and the proportion of chicks that were fed by their
parents (i.e. those that increased their mass). We also present some
preliminary data obtained from diet samples collected from adults
in August 2008 on Selvagem Grande. Every other day, about 6–10
randomly selected adult birds (breeders and nonbreeders) were
stomach-ﬂushed with salt water as they landed in late afternoon.
Samples were obtained by a modiﬁcation of the technique initially
proposed by Wilson (1984), and widely used in dietary studies of
seabirds. We inserted a thin (5 mm) plastic tube through the bird’s
mouth, gently pumping sea water into its stomach then massaging
their abdomen, which stimulated the ﬂushing of the stomach
content. No bird was sampled more than once and we only
captured one member of a pair. No compensatory food was
provided to sampled birds, but our procedures did not seem to
affect the behaviour of birds unduly, and they did not desert their
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Figure 3. Comparison between counts carried out on Selvagem Grande during the (a)
prelaying and (b) incubation/chick-rearing periods (2007). The hatching period is
indicated in grey.
J.P. Granadeiro et al. / Animal Behaviour 78 (2009) 1455–1462 1459chicks after being sampled. For each sampling day, we calculated
the proportion of samples containing cephalopods, as this might
suggest a change in the main foraging areas.Statistical Procedures
The signiﬁcance of correlations between two time series was
estimated using permutation tests (Manly 1998). All time series
were detrended prior to the calculation of statistics to avoid
spurious correlations, and so tests were carried out with the raw
residuals of a linear or a loess ﬁt, depending on the type of trend
detected in the data. The test statistics were compared with
a distribution of Pearson correlations obtained from randomizing
the order of one of the series 9999 times, and considered to be
signiﬁcant if located in either of the 0.025 tails of that distribution.
For testing the signiﬁcance of periods in the time series we also
used randomization tests, following Manly (1998). Given a time
series with n elements (and assuming m ¼ n/2 and wk ¼ 2pk=n,
k ¼ 1 to (m  1)), the series was modelled as:
xi ¼ Að0Þ þ
X
k¼1 to ðm1Þ
fAðkÞcosðwkiÞ þ BðkÞsinðwkiÞg
þ AðmÞcosðwmiÞ
which can be solved to:
Að0Þ ¼ meanðxÞ
AðkÞ ¼ 2=n
X
i¼1 to n
xicosðwkiÞBðkÞ ¼ 2=n
X
i¼1 to n
xisinðwkiÞ
AðmÞ ¼ 1=n
X
i¼1 to n
xið1Þi
Assuming that S2(k) ¼ A2(k) þ B2(k), one can compute a set of
p(k) values which estimates the proportion of variation in the series
associated with the corresponding frequencies:
if k < m pðkÞ ¼ S2ðkÞ=
X
i¼1 to n
ðxi meanðxÞÞ2
if k ¼ m pðkÞ ¼ AðmÞ=
X
i¼1 to n
ðxi meanðxÞÞ2
The values of p(k) obtained for a given time series (standardized
to unit sum) are then compared with the corresponding distribu-
tions of p0(k) obtained after randomizing the order of the time
series. The frequencies were considered to be signiﬁcant if the
corresponding p(k) were contained in the 0.025 tails of the distri-
butions (after Bonferroni adjustment of the critical value owing to
the multiple tests of individual periodicities, Manly 1998). Statis-
tical analysis and permutation tests were carried out using the free
software environment R (R Development Core Team 2008).RESULTS
Characteristics of the Attendance Cycles
From incubation to chick-rearing periods, the number of birds
counted on the SelvagemGrande transect ﬂuctuated between 1 and
ca. 400, and showed a very regular oscillation with signiﬁcant
periodicity of ca. 9–11 days (Fig. 2, Table 1). The average SD
duration of foraging trips on Selvagem Grande during the incuba-
tion period was 6.3  3.3 days (N ¼ 56; Catry et al. 2009), thus
bearing no relationship with the period of the cycles.
On Selvagem Pequena, a signiﬁcant periodicity of 14.2 days
(with a harmonic at 28 days) was detected in 2008, but this pattern
was generally noisy and not apparent under visual examination
(Fig. 2, Table 1). During prelaying, the cycles on Selvagem Grande
lasted for 7.8 days and thus were shorter than in the subsequent
breeding period (Fig. 3). There was no apparent cyclicity in atten-
dance patterns on Berlenga Island in 2006 (Fig. 2).
To test whether cycles were in or out of phase in the three legs of
the Selvagem Grande transect, we checked whether the highest
cross-correlation among the legs was observed at lag 0 days or at
higher lags in the ﬁve time intervals studied between 2006 and
2008 (listed in Table 1). In nine of the 15 possible cross-correlations
we obtained the highest correlation at lag 1 or 2 days, and only six
correlations at lag 0. In fact, even the visual inspection of the data,
for example during early chick rearing, suggests that there is
a slight mismatch between the cycles at the three adjacent transect
sectors (Fig. 4).
Cycles appeared to be synchronized between Selvagem Grande
and Selvagem Pequena in 2007 (r ¼ 0.54, N ¼ 39, P < 0.001), but
not in 2008 (r ¼ 0.035, N ¼ 58, P ¼ 0.79). Also, there was no
signiﬁcant relationship between the numbers on Selvagem Grande
and Berlenga Island in 2006 (r ¼ 0.09, N ¼ 43, P ¼ 0.55).
Mougin et al. (2000) examined the variation in numbers at
Selvagem Grande for some periods between 1988 and 1996,
expressing the periodicities as half cycles (i.e. as the number of days
between consecutive minima and maxima). The prelaying half
cycles derived from our data were signiﬁcantly shorter than those
Mougin et al. (2000) reported (mean  SD ¼ 3.5  1.1 days, N ¼ 11
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J.P. Granadeiro et al. / Animal Behaviour 78 (2009) 1455–14621460in our study versus 4.8  1.3 days, N ¼ 39 obtained byMougin et al.
2000), but there was no difference during incubation and chick
rearing (mean  SD ¼ 5.0  0.92 days, N ¼ 29 in this study versus
4.8  1.6 days, N ¼ 50, given by Mougin et al. 2000).
Relationship with Wind Parameters and Moon Phase
The Selvagens archipelago is dominated by northeasterly winds,
and the mean wind speed  SD during the period 1 April–15
September 2007 was 5.9  1.83 m/s. Overall, correlations between
the numbers of birds on the island and the wind parameters were
weak and inconsistent (Table 1). In 2007, numbers on Selvagem
Grande showed a signiﬁcant inverse relationship with the westerly
component of wind during the prelaying period but were positively
correlated with the northerly and westerly components during
chick rearing (Table 1). We investigated the periodicity of northerly
and westerly wind components and of wind intensity over the
period 1998–2008 between 1 April and 15 May (prelaying period),
and between 10 June and 1 September (incubation and chick-
rearing periods). None of the wind parameters presented the same
periodicity more than twice in the 10-year series in either the area
surrounding the Selvagens or at the African coast.
Therewas no relationship betweenmoon phase and the number
of birds attending any of the colonies, except in Selvagem Pequena
between 10 June and 2 September 2008, when birds were more
abundant ashore during the new moon (r ¼ 0.45, N ¼ 84,
P < 0.01; Fig. 2).
Cycles and Chick Provisioning
To test the hypothesis of an oscillation in food abundance around
Selvagem Grande, we examined the variation in provisioning
patterns and in diet composition of adults. The number of birds
ashore did not correlate with chick growth rates (expressed as the
loess-detrended ratio: r ¼ 0.14, N ¼ 38, P ¼ 0.41), the proportion of
chicks fed (r ¼ 0.17, N ¼ 38, P ¼ 0.31, arcsine-transformed data), or
the daily chick mass increments (r ¼ 0.04, N ¼ 38, P ¼ 0.81, mass
detrended). Furthermore, chick growth parameters did not show
any signiﬁcant periodicity, as revealed by the periodicity analysis.
Nor did we ﬁnd any relationship between the proportion of cepha-
lopods in the diet and the number of birds ashore (r ¼ 0.11, N ¼ 18days, NS), which might be an indication of a major change in the
foraging areas. The proportion of cephalopods in samples collected
on the peak of bird abundance1 day (0.19,N ¼ 36 samples) did not
differ from that at minimum 1 day (0.29, N ¼ 54 samples;
c1
2 ¼ 0.70, P ¼ 0.40). Finally, virtually all the birds sampled outside
a burrow (i.e. nonbreeding birds) had empty stomachs, whereas
birds attending chicks generally had some food in the stomach.
Behaviour of Individual Birds
To test whether both breeders and nonbreeders were involved
in the cycles, we examined data collected during the prelaying
period from birds that had been ﬁtted with loggers while breeding
in the previous season. Overall, the proportion of marked
females coming ashore decreased between 2 April and 12 May
(slope  SE ¼ 0.014  0.002, N ¼ 41, P < 0.001), whereas that of
males remained constant (0.0005  0.0018, N ¼ 41, NS), which led
to signiﬁcant differences in the average attendance of both sexes in
this period (paired t test: t40 ¼ 7.16, P < 0.001; Fig. 5). Despite this
difference, the proportion (detrended, in females) of marked birds
that visited the island closely matched the changes in bird numbers
counted in transects in both sexes (tagged males: r ¼ 0.68; tagged
females: r ¼ 0.56; total: r ¼ 0.67, all N ¼ 41 days, P < 0.005). Also,
the probability of joint occurrence during peak counts was very
high compared with that expected if birds were not engaged in
cyclic attendance (calculated by multiplying the average atten-
dance of males and females, dashed line in Fig. 5).
DISCUSSION
Our results on attendance cycles are based on several long time
series that are, to the best of our knowledge, the most regular and
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mechanisms by which such attendance cycles develop and are
maintained remain mysterious, but our results none the less
strongly refute some hypotheses, as well as provide some inter-
esting insights. In particular, it is now clear that although cycles are
very conspicuous at Selvagem Grande, a very large colony where
birds come ashore during daylight, they are absent in the smaller
colonies at Selvagem Pequena and Berlenga Island, where birds
behave otherwise. Moreover, they are apparently slightly out of
phase in adjacent sectors of one single colony.
Nonbreeders made up the bulk of the birds counted in transects,
as they tend to remain out of crevices (being very vocal and often
engaging in intense social interactions), whereas breeders tend to
keep inside burrows; in June 2006, almost all breeders in one
transect sector were marked on the breast with paint (for the
purposes of a concurrent study), but the vast majority of birds seen
during counts were unmarked. However, breeding birds were also
involved in the cycles even before egg laying, as demonstrated by
the cyclic variation in attendance of known breeders ﬁtted with
activity loggers.
The visibility hypothesis was not supported by our results, as the
cycles were noticeable even in birds marked with loggers, whose
presence was recorded by totally observer-independent processes.
The weather hypothesis was also not supported, as there was no
consistent relationship betweenwind strength or direction and the
number of birds ashore. Nor was there any periodicity in the wind
ﬁelds over the last 10 years in the vicinity of the colony or at
foraging grounds along the African coast. Wind strength and
direction inﬂuence the foraging and migratory behaviour of
a variety of seabirds (e.g. Furness & Bryant 1996; Weimerskirch
et al. 2000; Felicı´simo et al. 2008). For example, Weidinger (1996)
found that the attendance of Cape petrels was lower during periods
of stronger southeasterly winds, possibly facilitating access to their
preferred foraging grounds. Also, in the northern fulmar, Fulmarus
glacialis, colony attendancewas higher whenwind speeds were low
near the colony, because birds avoid incurring increased costs of
ﬂight (Hatch 1989; Furness & Bryant 1996), yet the opposite
patterns have been reported in auklets and guillemots (Birkhead
1978; Piatt et al. 1990). None the less, the prevailing wind regime
does not seem to exert a strong and persistent inﬂuence on bird
numbers at Selvagem Grande. In addition, we are not aware of any
site or circumstance where wind conditions present a level of
short-term cyclicity that could sustain such a synchronized and
durable phenomenon as that observed at Selvagem Grande.
The oceanography/food availability hypothesis was also
unsupported by our study. If changes in shearwater numbers
ashore were brought about by sudden peaks of food availability
near the colony (owing to vertical or horizontal currents, temper-
ature changes, prey movements, etc.), we would expect a measur-
able correspondence with variation in chick-provisioning
parameters or in the diet of adults. However, we could not ﬁnd any
relationship between number of birds in transects and the
proportion of chicks fed, meal mass or chick growth rate. Also, we
would predict that nonbreeders would have food in their stomachs,
which was also not the case.
Tidal and lunar cycles are also important drivers of many coor-
dinated phenomena observed in marine biota (reviewed in
McDowall 1969). For example, several prey species (particularly
zooplankton and mesopelagic ﬁsh) migrate to the surface during
the new moon and thus their availability for surface-feeding
seabirds can show some periodicity (e.g. Linkowski 1996; Her-
na´ndez-Leo´n et al. 2001; Herna´ndez-Leo´n, 2008). Furthermore,
nocturnal light levels may inﬂuence activity patterns of visual
predators such as shearwaters (Yamamoto et al. 2008). If such
patterns were to inﬂuence the attendance at Selvagem Grande, weshould be able to ﬁnd a relationship between bird numbers and the
moon phase (and consequently also with tidal range). However, we
did not ﬁnd any such correlations, conﬁrming previous observa-
tions at the same site (Jouanin et al. 1989; Mougin et al. 2000).
Furthermore, the periodicity of the cycles at SelvagemGrande bears
no relationship to the periodicity of the lunar cycle.
The social encounters hypothesis is probably best tested by
comparative studies such as the one by Mougin et al. (2000).
However, our results support the idea that attendance cycles
facilitate encounters between socially relevant contacts. First, we
conﬁrmed that coordinated attendance of males and females led to
an increase in the probability of joint occurrence of nesting part-
ners in periods of high attendance. Second, we should expect cycles
to be the norm in colonies in pelagic environments (where birds
typically forage for long periods away from the colony), and
facultative in coastal colonies where a higher food abundance
should enable birds to come ashore more often. Hence, the absence
of well-deﬁned cycles at Berlenga is in line with this hypothesis.
Berlenga is situated on the continental shelf and birds from this
colony make shorter foraging trips than at Selvagem (Granadeiro
et al. 1998; Catry et al. 2009), which allows a more regular atten-
dance at the colony and more frequent encounters between indi-
viduals. On the other hand, the presence of cycles at Selvagem
Grande and their absence (or lack of deﬁnition) at both Selvagem
Pequena and Berlenga challenges the idea that the existence of
attendance cycles is dependent solely on the length of the pre-egg
stage, as proposed by Mougin et al. (2000): the duration of the pre-
egg stage is similar at Berlenga and Selvagem (Granadeiro 1991),
yet the attendance behaviour clearly differed between these
islands.
One of the predictions of the endogenous rhythm hypothesis is
that the periodicity of cycles should be fairly constant. Circadian
and circannual rhythms are a common trait in a variety of taxa and
are relatively well documented in birds (Dunlap et al. 2004;
Wikelski et al. 2008), but there is little evidence for cycles with
a periodicity broadly similar to the one reported here (ca. 9 days).
Ellis et al. (2006) documented an oscillation in moult intensity of
a golden eagle, Aquila chrysaetos, with a periodicity of 19 days,
while Bairlein (1986) noted average 18-day cycles in the body mass
of garden warblers, Sylvia borin. Evidence for the endogenous
rhythm hypothesis is somewhat mixed in our results. In fact, there
was an exceptional degree of regularity of cycles across years, and
during both incubation and chick rearing at Selvagem Grande, with
the cycle period rarely deviating by much more than 1–2 days
(Jouanin et al. 1989; this study). On the other hand, preincubation
cycles on this island were slightly shorter than during other phases
of the breeding cycle. Furthermore, cycles at nearby Selvagem
Pequena showed no regularity across years and their periodicity
differed from that recorded at Selvagem Grande. Note that both
colonies differ in other important aspects, particularly in that only
at Selvagem Grande do birds come ashore during daylight in large
numbers, and also that colony size differs by two orders of
magnitude between the two islands. It is possible that, even if there
is an endogenous rhythm, attendance cycles can only develop
where large numbers of birds are simultaneously present,
providing a strong social stimulus.
The social stimulus hypothesis suggests that it is the social
interactions at the colony that somehow drive the cycles (for
example, by providing an entrainment agent for an endogenous
rhythm). The information available on the social modulation of
endogenous rhythms in birds mostly relates to circadian (e.g.
Menaker & Eskin 1966; Gwinner 1967; Favreau et al. 2009) or cir-
cannual (mostly migratory) rhythms (e.g. Gwinner 1996; Wikelski
et al. 2008), with few data on other types of cycles. Such a lack of
information obviously makes it difﬁcult to progress with this
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different areas of the island supports the idea that local processes
(such as social interactions) may inﬂuence synchronization among
individuals. Also, the cycles were only found in a large colony,
where birds are extremely vocal and reactive to neighbours both on
the ground and in ﬂight. Cycles were absent in smaller colonies
(Berlenga, Selvagem Pequena) and are unreported elsewhere in this
species. Clearly, this is an area where more basic research is badly
needed.
Conclusions
This study demonstrates not only the remarkable consistency
and conspicuousness of the attendance cycles of Cory’s shearwater
at Selvagem Grande, but also the variability in behaviour at nearby
or distant colonies. Our results support the existence of an
endogenous cycle, probably sustained by intense social stimulation
at the colonies, and so marked cycles are probably more likely to
occur in dense colonies. While the possible beneﬁts of these cycles
are relatively clear, the exact mechanisms through which they are
controlled are still completely unknown. Clearly, the topic deserves
more research, including more comparative studies.
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